To ensure the accuracy of the work capacity of the detonation powerplant, the explosive and shock process of detonation powerplants was simulated with LS-DYNA. Many maximum rising displacements of the cartridge indicating the work capacity of the device were obtained, under different fit clearances of the device. It was proved that fit clearances were the key factors affecting the work capacity of the device, and reasonable range for fit clearances was found. Besides, the objective function, constraint condition, and optimization design variables of the Genetic Algorithm were determined according to the design indicators of the detonation powerplant. The theoretical values of fit clearances of the optimization design of detonation powerplants were obtained. At last, the tests of the work capacity of the detonation powerplant and LS-DYNA simulation proved the rationality of the theoretical values from the Genetic Algorithm, providing an experimental proof for the accuracy design, which could control the service door movement accurately.
Introduction
According to the CCAR-21-R3 "Provisions for the Approval of Civil Aviation Products and Parts" of Civil Aviation Administration of China, enough measures must be taken to safeguard the life safety of the crew in flight tests. The new regional jet independently designed and manufactured by China needs to carry out the test flight in accordance with airworthiness regulations. To make sure that the test flight crew are able to escape from the aircraft in an emergency situation, the multisection telescopic detonation powerplant which is the core device of the emergency escaping support system is made. It is the first case in China where accurate blasting technique is applied to the civil aviation life-saving field [1] . The working principle sketch of the detonation powerplant is shown in Figure 1 . Its function is to overcome about 6 KN aerodynamic drag applied on the surface of the service door and push it toward the cabin in certain track and pose through the cooperation of the four sets of devices [2] , providing an emergency barrier-free escaping tunnel to the crew. The research and manufacture of detonation powerplants open a new field for civil aviation life-saving. During the movement, the service door needs to keep in certain track and pose. Namely, the angle of the door's lateral overturning should not be larger than 10 ∘ , the movement distance is 2 m, the error is smaller than 15%, and no unacceptable harm to the pose of the aircraft or the crew is caused during the movement. Therefore, to ensure the accuracy of the work capacity of the detonation powerplant and the maximal utilization rate of the gunpowder, simulating the working process of detonation powerplants with LS-DYNA and optimizing the design of parameters through Genetic Algorithm have great meaning.
At the early stage of the research and development of the detonation powerplant, in the work capacity test experiment, it has found that there was great discrepancy in the work capacity of the devices, which does not comply with the technical indicator of the error of the work capacity being less than 10%. As a result, the movement of the service door cannot be controlled accurately. To solve this problem and improve the energy utilization rate of the gunpowder, key factors that influence the work capacity of the detonation powerplant are analyzed and studied [3] . And it is found that the fit clearances inside the device are key factors. The sketch of the detonation powerplant is depicted in Figure 2 , including height of the cartridge 1 , outer diameter 1 , inner diameter 1 , and height of the cavity ℎ 1 ; height of the slide cylinder 2 , outer wall diameter 2 , outer lace diameter 2 , inner diameter 2 , and height of the outer lace ℎ 2 ; height of the fixed cylinder 3 , outer diameter 3 , inner wall diameter 3 , and inner lace diameter 3 ; length of the cavity inside base 4 and diameter 4 ; the fit clearance between the outer wall of the cartridge and the inner wall of the slide cylinder 1 ; the fit clearance between the outer wall of the slide cylinder and the lace of the fixed cylinder 2 ; the fit clearance between the lace of the slide cylinder and the inner wall of the fixed cylinder 3 .
Through the simulations in Section 2, it is found that the fit clearances between the outer wall of the cartridge and the inner wall of the slide cylinder, the outer wall of the slide cylinder and the lace of the fixed cylinder, and the lace of the slide cylinder and the inner wall of the fixed cylinder are the key factors that affect the accuracy of the work capacity of the detonation powerplant. Besides, the reasonable range of these fit clearances is obtained, which lays a foundation for the next research. Section 3 optimizes the design of the three fit clearances of the detonation powerplant with the Genetic Algorithm [4] [5] [6] , figures out the law of fit clearances affecting the work capacity of the detonation powerplant and the energy utilization rate of the gunpowder, and at last obtains the theoretical optimal values of the fit clearances. In Section 4, to test the rationality of the values obtained in Section 3, a detonation powerplant work capacity test experiment is carried out and the explosive and shock process of the detonation powerplant is simulated with LS-DYNA. Results illustrate that, within an acceptable error range, the work capacity of the detonation powerplant with the theoretical parameters can satisfy the design indicators. (2) Arbitrary Lagrangian-Eulerian, ALE, in which the explosive element is the Euler element and the element exploded is the Lagrange element. The explosion between the two grids is simulated by the defined coupling [7] .
LS-DYNA Simulation
In Lagrange Algorithm, there is a great chance that severe distortion happens to the explosive element, thus stopping the computing process. Therefore, though ALE is slower than Lagrange Algorithm, it can effectively avoid such problems caused by severe distortion of the grids as computational divergence and unreliable computing results.
Model Building.
A calculation physics model is built with Solidworks, and then the model is imported in LS-DYNA, which is presented in Figure 3 . (On the left is the Solidworks 3D model; on the right is the Ansys 3D model.)
The explosive is calculated with Eulerian Algorithm and depicted with MAT ELASTIC PLASTIC HYDEO material model and PROPELLANT DETONATION equation of state; the air is also calculated with Eulerian Algorithm but depicted with NULL material model and LINEAR POLYNOMIAL equation of state; the detonation powerplant is calculated with Lagrange Algorithm and depicted with RIGID material model [8] [9] [10] . A finite element model is got after meshing, which is shown in Figure 4 .
The work done by detonation powerplants in pushing the service door mainly has two parts: (1) work done to overcome the aerodynamic drag on the service door; (2) work done to provide kinetic energy to the service door, which enables the service door to move specified distance in prescribed pose. In the shock, the cartridges of the detonation powerplant push the service door, doing work to the outside. According to the design of the detonation powerplant work capacity test experiment in Section 4, a load of 0.6 KN is applied in the cartridge to simulate the process.
Simulation Results and
Analyses. Select a set of fit clearances of the cartridge, slide cylinder, and fixed cylinder for designed detonation powerplants; then output the timedisplacement curve of the cartridge with LS-PrePost (see Figure 5 ). The maximum value of the displacement represents the work capacity of the detonation powerplant. By changing the entity model constantly, simulations of the explosive and shock process of the detonation powerplant with different fit clearances (Table 1) can be realized. As a result, a series of effective data are obtained, with which wave curves are drawn in Figure 6 . Figure 6 shows that, under different fit clearances, maximum displacements of cartridge indicating the work capacity of the detonation powerplant are different. This illustrates that the fit clearances of the detonation powerplant are the key factors affecting the work capacity of the device and the energy utilization rate of the gunpowder. After early design, it is clear that the work capacity needs to reach 302.75 J. By taking the mass of the weight in Section 4 = 60 kg into the formula = , the most appropriate lifting height of the weight can be known 0 = 514.9 mm. In Figure 6 , the height 0 is represented by the straight line parallel to the -axis. On the basis of fluctuations of curve , , and near the line 0 , reasonable range of the three fit clearances can be determined. That is, 0.02 mm ≤ 1 ≤ 0.05 mm, 0.03 mm ≤ 2 , 3 ≤ 0.07 mm.
Optimization Design of Internal Ballistics
Parameters with Genetic Algorithm 3.1. Basic Hypothesis. The internal ballistics zero dimension mathematical model of the detonation powerplant is a space averaging parameter model based on Lagrange hypothesis [11] . On the basis of internal ballistics theory and practical situation of the detonation powerplant, hypotheses as below have been made [12] : ( 
Determination of Objective Function.
In this section, the mathematical equations of the optimization design of the detonation powerplant internal ballistics parameters are built and the optimization design of internal ballistics is carried out, so that the design cycle is shortened and the design quality is improved. The process of the detonation powerplant doing work to outside can be divided into four stages.
On the basis of the characteristic of each stage and classic ballistic theories such as internal ballistics gunpowder gas equation of state, burning equation, energy conservation law, and kinematic equation [13] [14] [15] [16] [17] , the mathematical models of internal ballistics of the four stages are built. The first stage is the period from the ignition of gunpowder to the time when the cartridge and slide cylinder start to move. In this period, the gunpowder is burning in constant volume and the gas pressure in the cavity produced by the burning of gunpowder gradually increases from zero to start pressure. The constant volume equation of state, gunpowder shape function, Euler equation which represents the onedimensional linear motion of the gas in device [18] , and relative gas leakage flow of this period are
The second stage is the period from the time when the cartridge and slide cylinder start to move to the time when the gunpowder burns out. In this period, the cartridge and slide cylinder move along the axis of the fixed cylinder. When the gunpowder burns out, the gas pressure in the cavity reaches the maximum. The power state function, gunpowder burning equation, equation of the movement of the cartridge and slide cylinder, the kinematical equation that calculates the speed and distance of cartridge's and slide cylinder's movement, and relative gas leakage flow of this period are
The third stage is the period from the time when the gunpowder burns out to the time when the slide cylinder's movement stops. In this period, the gas of high temperature and pressure continues to expand and do work to outside, pushing the cartridge and slide cylinder to move. Meanwhile, the gas pressure inside the cavity starts to drop. After the slide cylinder moves for a distance, its lower lace strikes the upper lace of the fixed cylinder and it is stopped. The kinematical equation of the movement of the cartridge and slide cylinder, energy equation, and relative gas leakage flow of this period are
The fourth stage is the period from the time when the movement of the slide cartridge stops to the time when the cartridge separates from the slide cylinder. In this period, though the pressure of the gas keeps dropping, it continues to expand and push the cartridge to move along the inner wall of the slide cylinder. Then the process of doing work finishes until the cartridge separates from the slide cylinder. The kinematical equation of the movement of the cartridge, the energy equation, and relative gas leakage flow of this period are
Later, the service door stops accelerating and gets an initial velocity; then it starts flat parabolic motion. When the service door touches the floor of the cabin, it starts to spin around the horizontal centroidal axis and continues to lose speed until the speed reduces to zero. Then the service door falls on the floor. The energy equation that transforms the process above into the working process of devices in the detonation powerplant work capacity test experiment is
There are many parameters involved in the design of the detonation powerplant. Among these parameters, some are dynamic variables, some are constant numbers, some have a relatively big influence on the performance of the internal ballistics of the detonation powerplant while some are the secondary parameters which only have a little influence, some are independent from each other, and some have influence on one another with certain correlation among them.
Optimizing the design variables must target the independent variables which have the most influence on the performance of the device and can respond most sensitively. For three fit clearances and their influences on the work capacity of the detonation powerplant being investigated, the constraint conditions are the following: (1) Taking the setup space for the detonation powerplant and the structural strength of the parts into consideration, set the maximum air pressure as max = 150 MPa. (2) The volume of the gunpowder room is not only related to the setup space of the detonation powerplant, but also closely related to the fit sizes of the slide cylinder, cartridge, and the fixed cylinder. On the basis of the results of parameter optimization design in early stage, set the volume of the gunpowder room as 1610 mm 3 ≤ ≤ 1645 mm 3 . (3) The fit clearance being too large or too small will affect the improving of the accuracy and consistency of the work capacity of the detonation powerplant. And it also has a direct influence on the frictional resistance and gas leakage of the device. According to Section 2, three fit clearances can be set as 0.02 mm ≤ 1 ≤ 0.05 mm, 0.03 mm ≤ 2 , 3 ≤ 0.07 mm. (4) The most appropriate rising height of the weight is 0 = 514.9 mm. 
The fitness function is
max is the maximum approximated value of ( , ) in the equation.
Implementation Process of Genetic Algorithm.
The optimization design process of internal ballistics parameters with Genetic Algorithm of the detonation powerplant is shown in Figure 7 .
By employing MATLAB program, optimal results of the detonation powerplant internal ballistics parameters are obtained according to the internal ballistics zero dimension mathematical model of the device and Genetic Algorithm. The size of the population has a direct effect on the convergence procedure and the efficiency of calculating. If the population is too large, it will increase the calculating time greatly; if the population is too small, the calculating process might stop when a regional optimal result is obtained [19] . The study focuses on the processing of the rising height of the weight and the maximal gas pressure, and the population chosen in this paper has 50 individuals. The length of chromosome depends on the precision of optimal results. The more precise optimal results are, the longer the chromosome will be. The length of the three chromosomes that represent the three fit clearances in this paper is 18, and the searching range is 0.02 mm ≤ 1 ≤ 0.05 mm, 0.03 mm ≤ 2 , 3 ≤ 0.07 mm. The length of the chromosome that represents the volume of gunpowder room is 18, and the searching range is 1610 mm 3 ≤ ≤ 1645 mm 3 . Maximum generation is the condition that determines when the Genetic Algorithm should be stopped. Usually, whether the algorithm should be stopped or not depends on the running conditions of algorithm, the convergence situation, and the quality of the result. The maximum generation in this paper is 800. Parameters of optimization design of internal ballistics with Genetic Algorithm are shown in Table 2 .
According to the optimal results of the Genetic Algorithm, when genetic revolution goes on to the 800th generation, the convergence is reached. So choose the first generation, the 380th generation, and the 800th generation of all the 800 generations as representatives, and the individuals of these generations are shown in Tables 3, 4 , and 5, respectively. Table 3 shows that individuals of the first generation are produced by the program randomly. Table 4 shows that when the revolution reaches the 380th generation, the individuals show the tendency of convergence, which is manifested in the table as the parameters dividing into six areas, with each area showing the convergence intensively. Table 5 shows that when the program evolves to the last generation, the population in the constraint situation reaches the best and the algorithm stops. The optimal results are = 1629.55 mm 3 , 1 = 0.034 mm, 2 = 0.051 mm, and 3 = 0.047 mm. After the optimization, the optimal rising height of the weight that represents the work capacity of the detonation powerplant is Figures 8 and 9 .
It is shown in the convergence curve that the optimal design variable , 1 , 2 , 3 , and the objective function vibrate violently in the early stage of Genetic Algorithm computing. With the increasing of iterations, the range of the vibration becomes smaller. When the iteration of the algorithm reaches 500, the algorithm finds the optimal results of the detonation powerplant internal ballistics parameters. In the solution procedure of the algorithm, vibrations will happen occasionally for the mutation operation, which will not influence the convergence of optimal results.
Experiment on the Accuracy of Work Capacity of the Detonation Powerplant
On the basis of the theoretical optimal parameters of fit clearances of the detonation powerplant obtained in Section 3.3, detonation powerplants illustrated in Figure 10 are made. (On the left is the mechanical part without gunpowder and electric igniters. On the right is the eight sets of assembled detonation powerplants.) To test the accuracy of the work capability and consistency of the detonation powerplant, the evaluation device of work capacity is made. The device consisting of a baseboard, a weight, and two guide rods is depicted in Figure 11 . The baseboard is a 10 mm thick steel plate, on which the detonation powerplant and guide rods are fixed; the guide rods are two 1000 mm long cylindrical rods which are 20 mm in diameter. The guide rods are fixed on the baseboard by thread connection whose axes are perpendicular to the surface of the baseboard. There are two graduated scales attached to the rods, indicating the length; the weight is 60 kg. In the middle of the weight there are two through-holes which are 25 mm in diameter and the distance between the two holes is 120 mm. The whole process of the work capacity test experiment is recorded by a high-speed camera. The results are shown in Figure 12 . The requirements of materials, the high-level machining precision, and special eclectic igniters make the manufacture cost of the detonation powerplant very high. In order to reduce the research cost, this study tests the work capacity of the device under theoretical optimal parameters of fit clearances got from the Genetic Algorithm through the eight sets of experiment and LS-DYNA simulation of explosive and shock process of the device. The results of the experiment are displayed in Table 6 , and the result of LS-DYNA simulation is shown in Figure 13 .
Remove the deviated data from the eighth experiment and analyze and compute the datum as follows: The average value of results is = ∑ / = 510.9 mm; the range is = max − min = 2.5 mm; the relative error between the experimental average and the theoretical value is 1 = | − |/ × 100% = 0.84%; the relative error between the simulation value and the theoretical value is 2 = |ℎ − |/ × 100% = 0.49%. There are reasonable errors between the experimental value and the theoretical value, as well as the simulation value and the theoretical value. And the experimental results have small fluctuation. At last, after the optimization, the work capacity of the detonation powerplant meets the technical indicator that the error needs to be less than 10%.
Conclusions
Conclusions as below are drawn on the basis of LS-DYNA simulation of the explosive and shock process of the detonation powerplant, optimal design of Genetic Algorithm, and related test experiments.
(1) By simulating the explosive and shock process of the detonation powerplant with LS-DYNA, the main factors that affect the accuracy of the work capacity of the device are found. They are the fit clearances between the outer wall of the cartridge and the inner wall of the slide cylinder, the outer wall of the slide cylinder and the lace of the fixed cylinder, and the lace of the slide cylinder and the inner wall of the fixed cylinder, and the reasonable range of these three fit clearances is figured out, which lays a foundation for further optimization design of the detonation powerplant.
(2) The internal ballistics zero dimension mathematical model of the detonation powerplant is used as the optimal design model of the device internal ballistics parameters in Genetic Algorithm and the objective function, optimization design variables, and restraint condition used in the study are appropriate. As a result, optimal fit clearances as expected are found.
(3) The device used in the detonation powerplant work capacity test experiment is simple and appropriate and satisfies the accuracy required in theory. And the work capacity of the detonation powerplant under the optimal fit clearances obtained from Genetic Algorithm is tested through experiment and LS-DYNA simulation. And within an acceptable error range, the results from the experiment are consistent with the theoretical values of fit clearances, which satisfies the design goal.
In conclusion, the analysis method used in this paper is meaningful for further optimization design of the detonation powerplant in both theory and reality. Nowadays, it has been implied to the test flight of airliner made in China. 
